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Abstract: The effects of exposure to heavy metals (HMs) in rice on human health have become
a global public health concern, particularly in countries where rice is consumed as a staple food.
The concentrations of HMs, including cadmium (Cd), arsenic (As), lead (Pb), and copper (Cu), in
commercial rice samples (n = 170) were analyzed to estimate the HM exposure of consumers in
Nepal. The geometric mean concentrations of Cd, As, Pb, and Cu in commercial rice were 15.5 ± 16.0,
43.4 ± 19.6, 16.0 ± 14.0, and 1066 ± 1210 µg/kg, respectively, all below the maximum allowable
concentrations (MACs) recommended by FAO/WHO. Generally, the average estimated daily intakes
(EDIs) of Cd, As, Pb, and Cu were all below the oral reference doses (RfDs). However, young age
groups were exposed to high levels of HMs, and the average EDI of As and the P99.9 EDIs of Cu and
Cd were above the corresponding RfDs. The mean hazard index and total carcinogenic risk were 1.13
and 1.04 × 10−3 respectively, suggesting a potential non-carcinogenic risk (NCR) and a carcinogenic
risk (CR) via rice consumption. Arsenic contributed the most strongly to NCR and Cd to CR. Overall,
although the HM levels in rice were generally safe, the Nepalese population may be exposed to an
elevated health risk from rice consumption.

Keywords: heavy metals; rice; Monte Carlo simulation; estimated daily intake; vulnerable population;
Nepal

1. Introduction

Food contamination with heavy metals (HMs), including cadmium (Cd), lead (Pb),
arsenic (As), zinc (Zn), copper (Cu), and mercury (Hg), is common in contaminated
agricultural regions [1] and a major concern worldwide [2,3]. Numerous studies have
demonstrated that exposure to HMs can damage the organs of animals and humans,
even at low levels [4–7]. Long-term exposure to HMs via the intake of contaminated
food can cause many kinds of diseases, such as cancer, leukemia, genetic toxicity, and
so on [8]. Around 600 million people are reportedly harmed by HM-contaminated food
annually worldwide [9,10].

Rice is the staple food for over 50% of the world population, contributing over 70%
of the food energy in developing Asian countries [11]. Heavy metals, particularly Cd,
As, and Pb, are easily absorbed and accumulated by rice grains [12]. Numerous studies
have demonstrated that rice is the prime source of HMs for humans in Asia [13–15]. The
Fifth China Total Diet Study revealed that rice heavy metal concentrations in more than
20 regions in China exceeded the standard values, and there was a serious non-carcinogenic
risk, especially in the southeast region [16]. Zeng reported that the concentrations of As
and Cd in rice were up to 310 and 340 µg/kg, respectively, in Hunan Province, China [17].
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In Ranau Valley, Sabah, Malaysia, the average concentrations of Cd, As, and Cu in rice
grains were 540, 50, and 2610 µg/kg, respectively [18]. Kukusamude investigated the con-
centrations of Cd, As, Pb, and Cu in rice from Thailand and confirmed the risk to humans
of HM exposure via rice [19]. Proshad reported that the average concentrations of Cr, As,
Cd, and Pb in rice in Bangladesh were 16, 260, 2280, 1880, and 793 µg/kg, respectively,
higher than the permissible limits of the World Health Organization (WHO) [20]. Soil
contamination by arsenic, due to highly contaminated irrigation water, and its carryover
effect to rice plants have been reported in Bangladesh and India [21]. Hence, exposure to
HMs in rice and the potential health risks resulting from rice consumption have become
increasing concerns [22,23].

Health risk assessment (HRA) is an effective deterministic evaluation model to recog-
nize the impact of harmful elements on human health directly and quantitatively [23,24].
Generally, HRA is based on the concentration of the metal in the edible part of a food
relative to a reference dose of the metal and the intake/body weight of the consumer [25].
Traditionally, HRA is usually calculated by some models with fixed parameters [26]. How-
ever, individual variations can bias the results of HRA due to individual variations [27].
Monte Carlo simulations (MCSs) can reduce the uncertainties in results by providing a
health risk probability for HMs [28].

Nepal is a developing country, and its economy is also based on agriculture. Rice is the
staple food in Nepal, and approximately 3.65 million tonnes are consumed annually [11].
With increasing anthropogenic activities, such as irrigation with wastewater, and the use
of agricultural fertilizers, pesticides, and organic manure in farming, rice may become
a primary dietary source of HMs, particularly Cd, Cu, and Pb, in the Bhaktapur district
of Nepal [29]. Previous studies have reported that the mean concentrations of Cd and
As in rice were 50 µg/kg (range: 13.9–80 µg/kg) and 180 µg/kg (range: 60–330 µg/kg),
respectively, in this district [30–32], and that 25.7% of the tube wells in the Nawalparasi
district of Terai, Nepal, were contaminated with As [33]. Meharg et al. even reported
rice Cd concentrations from 12 countries, including 12 samples from a Nepal market with
the mean 50 µg/kg [31]. The studies by Wang et al. indicated that exposure to total
mercury and methylmercury in rice for pregnant woman resulted in losses of intelligence
quotients of the newborn in Nepal [3]. Arsenic contamination of rice occurred through
high-As irrigation water in Nawalparasi district, Nepal, and the As exposure level was
up to 180 µg/kg [30]. Considering the high concentrations of HMs found in rice in these
regions, determining the levels of HMs in rice across the whole of Nepal is essential, and
the assessment of further HM exposure is necessary to guide future management. However,
to the best of our knowledge, no nationwide study of the concentrations of HMs in rice in
Nepal has been undertaken, let alone the HRA of HM exposure from rice consumption.

In this study, our work aimed to (i) determine the concentrations and distributions of
Cd, As, Pb, and Cu in commercial rice in Nepal and (ii) assess the health risks posed by
exposure to HMs via rice consumption to the Nepalese people.

2. Materials and Methods
2.1. Study Area

Nepal (27◦42′ N, 85◦19′ E) is a Himalayan and land-locked country in South Asia,
which borders China to the north and India on the remaining three sides. The country
covers a rectangular area of 147,181 km2 [34]. More than 86% of the country is mountainous,
and only a small portion in the south is low-lying land, known as “Terai”. The climate in
Nepal varies from subtropical to alpine within a short distance due to tremendous variation
in topography and altitude (60 to 8848 m) [35]. Nepal is an agricultural country, in which
two-thirds of the population depends on agriculture, and it contributes almost 34 percent
of the GDP [36].
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2.2. Sampling

In September 2019, 170 rice samples were randomly collected from seven provinces of
Nepal: Province 1 (n = 49), Madhesh (n = 20), Bagamti (n = 27), Gandaki (n = 13), Lumbini
(n = 35), Karnali (n = 10), and Sudurpashchim (n = 16) (Figure 1). White rice samples that
were intended for direct consumption by local residents were gathered from homes or
markets. Each sample of no less than 100 g was collected in a polyethylene zip-locked bag.
All the collected samples were taken to the laboratory for further processing.
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2.3. Sample Preparation and Analysis

During sample processing, ~30 g of the sample was thoroughly washed with distilled
deionized water (DDW). Washed samples were then dried using lyophilizer (FDU-2110,
EYELA, Japan). The dried samples were then milled into a powder (about 80 meshes) and
packed into sealed sample bags for further analysis. In the digesting process of the sample,
approximately 0.2 g of the sample was digested with 5 mL of ultra-pure HNO3 in a Teflon
digestion vessel and heated at 150 ◦C for 48 h in an oven. After cooling, 1 mL of 30% H2O2
was added and heated for 1 h at 90 ◦C on a heating plate. The temperature was gradually
increased to 120 ◦C until all the solution had evaporated. Then, 1 mL HNO3 was added to
the residual solution and heated until dry. After that, 3 mL of DDW and 2 mL of HNO3
were added to the remaining solution and heated at 150 ◦C for a further 6 h [37].

The digested solution was moved into a centrifuge tube and then diluted to a constant
volume with DDW to maintain the acid concentration below 2%. Finally, the concentrations
of the studied elements in the solution were determined using inductively coupled plasma–
mass spectrometry (ICP-MS; NexION™ 300X, PerkinElmer, Waltham, MA, USA).

2.4. Quality Assurance and Quality Control (QA/QC)

The blanks, duplicate samples, and standard reference materials were used to assess
the accuracy and precision of the method. The standard reference material (GBW 10020,
citrus leaf; National Research Center for Standards, China) and a rhodium (Rh) internal
standard were utilized for QA/QC. The recovery of Rh ranged from 86.5% to 116%. The
method detection limits for As, Cd, Pb, and Cu were 2.4, 0.16, 0.8, and 6.4 µg/kg, re-
spectively. Around 94.6–111.0% of the reference material was recovered, with a relative
standard deviation of <5%, which indicate that the accuracy and precision of the analyses
of all samples met the required procedure specifications.
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2.5. Human Health Risk Assessment
2.5.1. Estimated Daily Intakes (EDIs)

The EDIs of HMs depend on both the concentration of the HMs and the amount of
rice consumed [38]. The EDI was calculated using following Equation (1):

EDI =
CF × IR × EF × ED

BW×AT
(1)

where EDI (µg/kg/day) is the estimated daily intake. The description and values of all
parameters in Equation (1) are listed in Table S1. The intake rate (IR) and body weight
(BW) for the Nepalese in different regions were collected from former publications [39,40]
(Table S2).

2.5.2. Non-Carcinogenic Risk Assessment

Non-cancer risk assessments were determined by calculating the respective hazard
quotient (HQ) of contaminants. The HQ of each element was obtained by Equation (2) [41]:

HQ =
EDI
RfD

(2)

where RfD (µg/kg/day) is the oral reference dose of the desired heavy metal, and the
values for As, Cd, Pb, and Cu are 0.3, 1, 3.5, and 40 µg/kg/day, respectively [42]. HQ > 1
implies a potential risk of a non-carcinogenic effect [43].

The hazard index (HI) was used to assess the cumulative non-carcinogenic risk from
multiple elements [44]. The HI was calculated using the following Equation (3):

HI = ∑i
n=1 HQn (3)

HI > 1 indicates a potential for adverse human health effect [45].

2.5.3. Carcinogenic Risk Assessment

The carcinogenic risk (CR) and total carcinogenic risk (TCR) represent the probability
of cancer caused by HMs in the rice consumed during a lifetime. CR and TCR were
calculated using Equations (4) and (5), respectively:

CR = EDI × SF (4)

TCR = CRAs + CRCd + CRPb (5)

The SF in Equation (4) is the carcinogenicity slope factor [24]. As, Cd, and Pb are chemically
carcinogenic, and their SF values are 1.5 × 10−3, 6.1× 10−3, and 8.5× 10−3 (mg/kg/day)−1,
respectively [46]. TCR in Equation (5) is the total carcinogenic risk for As, Cd, and Pb.

According to USEPA’s guidelines for acceptable or tolerable CR and TCR, the range of
acceptable values for CR or TCR is from 1.0 × 10−6 to 1.0 × 10−4. In general, if CR or TCR
< 1.0 × 10−6, the cancer risk is considered negligible. However, if CR or TCR > 1.0 × 10−4,
the cancer risk is considered unacceptable by most international regulatory agencies [47].

2.6. Statistical Analysis

The summary statistics were calculated using Microsoft Excel 2021. Statistical analyses
were performed using SPSS 25 (IBM, Armonk, NY, USA), and Origin 2022 (OriginLab®

Corporation, Northampton, MA, USA) was used for drawing. The MCSs used for the
uncertainty analyses were performed using Crystal Ball (Oracle, Redwood City, CA, USA).
An MCS approach with 10,000 iterations was used to calculate dietary exposure to HMs.
The different percentile levels from P50 to P99.9 were also determined using MCS. One-way
analysis of variance (ANOVA) using Tukey’s post hoc test was used to determine the
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significance of the differences in HM concentrations among the different provinces, regions,
and vulnerable populations, with a confidence level of 95%.

3. Results and Discussion
3.1. Concentrations of Cd, As, Pb, and Cu

The concentrations of Cd, As, Pb, and Cu in commercial white rice samples from
Nepal are presented in Table 1 and Figure 2. The maximum allowable concentration (MAC)
of HMs in white rice established by FAO/WHO [48] were used for comparison with this
study. The concentrations of Cd, As, Pb, and Cu in rice from Nepal all showed lognormal
distributions (Figure 2). The levels of these HMs in rice from Nepalese markets were
compared with those from other countries worldwide (Table S3).

Table 1. Concentrations of Cd, As, Pb, and Cu in commercial rice samples (n = 170) from each
province of Nepal (µg/kg).

Samples Area
Mean ± SD (µg/kg)

(Minimum–Maximum)

Cd As Pb Cu

Province 1 15.4 ± 21.9 36.6 ± 18.8 15.7 ± 17.3 1078 ± 1920
(1.76–95.4) (6.43–92.3) (5.49–121.4) (264–10,059)

Madhesh 17.5 ± 13.5 47.9 ± 28.5 17.3 ± 10.3 1364 ± 1601
(6.80–46.4) (17.0–121) (5.72–36.9) (453–6559)

Bagmati 14.9 ± 11.5 46.4 ± 14.8 13.5 ± 9.21 1000 ± 251
(2.68–55.9) (25.3–81.7) (5.91–43.0) (519–1556)

Gandaki 9.93 ± 6.71 47.2 ± 15.8 19.7 ± 25.5 1100 ± 398
(1.31–23.5) (32.1–85.6) (7.94–87.4) (491–1959)

Lumbini 17.2 ± 14.8 49.2 ± 18.1 18.4 ± 10.2 949 ± 358
(1.73–68.6) (23.1–85.8) (6.02–51.3) (271–2016)

Karnali 15.7 ± 12.5 54.4 ± 20.3 15.6 ± 8.97 1072 ± 194
(3.86–45.4) (23.5–83.3) (6.94–35.1) (823–1383)

Sudurpashchim 17.0 ± 12.5 35.1 ± 13.9 12.9 ± 5.94 1051 ± 316
(4.26–51.9) (17.3–60.2) (7.98–26.8) (550–1624)

Total Nepal 15.5 ± 16.0 43.4 ± 19.6 16.0 ± 14.0 1066 ± 1210
(1.31–95.4) (6.43–121) (5.49–121.4) (264–10,059)

FAO/WHO * 100 200 200 10,000
* The permissible limit of Cd, As, Pb, and Cu [48].
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3.1.1. Cadmium

Overall, the geometric mean concentration of Cd in the rice samples was 15.5± 16.0 µg/kg
(range: 1.31–95.4 µg/kg) (Table 1). The Cd concentrations in all the rice samples were below
the MAC for Cd (100 µg/kg) in polished rice recommended by FAO/WHO [48], suggesting
that Cd was at a safe level in all the rice samples studied. The lowest geometric mean
concentration of Cd (9.93 ± 6.71 µg/kg, range: 1.31–23.5 µg/kg) was in rice collected from
Gandaki. The mean Cd concentrations in the rice samples from Madhesh, Lumbini, and
Sudurpashchim were all slightly more than 17.0 µg/kg; those from Province 1, Bagmati,
and Karnali had mean values close to 15 µg/kg. The mean Cd concentrations in rice
were lower in this study than in previous studies in Nepal (50 µg/kg) [49], Sri Lanka
(80 µg/kg) [50], and Malaysia (160 µg/kg) [31] and were consistent with those in India
(19.1 µg/kg) and Thailand (13.0 µg/kg) [51]. Overall, the concentrations of Cd in this study
were low, which may be attributable to the weak effects of some relevant pollution activities,
including mining, irrigation, and application of chemical fertilizer and pesticides [52].

3.1.2. Arsenic

The geometric mean concentration of As was 43.4 ± 19.6 µg/kg (range: 6.43–121 µg/kg)
(Table 1), which was lower than the MAC of 200 µg/kg [48]. Among the different provinces,
the As concentration in Gandaki was highest (54.4 ± 20.3 µg/kg), and that in Sudur-
pashchim was lowest (35.1 ± 13.9 µg/kg). The high concentration of As in the rice samples
collected from Gandaki maybe was related to farming land contaminated by irrigation
water with elevated arsenic [30].The As concentrations in the present study were similar to
those observed in Sri Lanka (mean 43 µg/kg; range: 2.5–213 µg/kg) [53], but higher than
those in Iran (33.5 µg/kg) [54]. However, the mean As concentrations were lower than those
in the Nawalparasi district of Terai, Nepal (180 µg/kg), India (79–103 µg/kg) [55], Malaysia
(91 µg/kg) [49], and China (119 µg/kg) [38]. Although the mean As concentrations in
this study were lower than MAC, soil contamination with As, seriously contaminated
irrigation water, and the accumulation in plants have been found in Nepal [30]. Therefore,
the exposure of rice to As cannot be ignored in future work.

3.1.3. Lead

The geometric mean concentration of Pb in rice was 16.0 ± 14.0 µg/kg (range:
5.49–121 µg/kg), which was lower than the MAC of 200 µg/kg for rice [48], indicating a
safe level of Pb in rice. Among the different provinces, the mean Pb concentrations were
highest in rice from Gandaki (19.7 ± 25.5 µg/kg; range: 7.9–87.4 µg/kg) and lowest in rice
from Sudurpashchim (12.9 ± 5.94 µg/kg; range: 8.0–26.8 µg/kg). The Pb concentrations
were similar to those observed in Sri Lanka (20 ± 1.5 µg/kg; range: 3–61 µg/kg) [56], and
much lower than those in Iran (328 ± 81 µg/kg; range: 132–463 µg/kg) [54] and Thailand
(419 µg/kg) [51].

3.1.4. Copper

The geometric mean concentration of Cu in rice samples was 1066 ± 1210 µg/kg,
with a range of 264–10,059 µg/kg, and only a sample from Dhankuta in eastern Province 1
exceeded the permissible limit of 10,000 µg/kg [48]. Among the provinces, the highest geo-
metric mean concentration of Cu occurred in rice from Madhesh (1364 ± 1601 µg/kg; range:
452–6560 µg/kg), and the lowest was in Lumbini (949± 358 µg/kg; range: 271–2016 µg/kg).
In the present study, the Cu concentrations of rice in Nepal were similar to those in Thai-
land (range: 1510–3340 µg/kg) and India (1000 µg/kg), but higher than those in Malaysia
(740 µg/kg) [18].

3.2. Human Exposure to HMs

The average EDIs of Cu, As, Cd, and Pb were 6.35± 3.47, 0.250± 0.104, 0.108 ± 0.0888,
and 0.100 ± 0.0720 µg/kg bw/day (Tables 2 and S4), respectively. The average EDIs for the
studied elements were all below their RfDs, which are 0.3, 1, 3.5, and 40 µg/kg/day for
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As, Cd, Pb, and Cu, respectively [42], indicating that exposure to the individual elements
during rice consumption is safe in Nepal. The maximal EDI values for Cd and Pb were
below their RfDs, but the maximal EDI values for Cu and As were both higher than
their corresponding RfDs, and that of As was twice its RfD value. Specifically, the P75th
percentile EDI of As was higher than the RfD, demonstrating the high level of As exposure
in Nepal.

Table 2. The estimated EDIs (µg/kg bw/day), HQs, and HIs for exposure to Cd, As, Pb, and Cu via
rice consumption in Nepal.

Element Parameter Average P50 P75 P90 P95 P97.5 P99 P99.9

Cd EDI 0.108 0.0846 0.138 0.212 0.274 0.345 0.440 0.719
HQ 0.108 0.0846 0.138 0.212 0.274 0.345 0.440 0.719

As EDI 0.25 0.239 0.313 0.388 0.436 0.484 0.543 0.671
HQ 0.834 0.795 1.04 1.29 1.45 1.61 1.81 2.24

Pb EDI 0.100 0.0799 0.120 0.179 0.231 0.292 0.382 0.656
HQ 0.0282 0.0846 0.138 0.212 0.274 0.345 0.440 0.719

Cu EDI 6.35 5.51 7.76 10.659 13.0 15.3 18.6 27.7
HQ 0.159 0.138 0.194 0.266 0.324 0.382 0.466 0.692

HI 1.13 1.09 1.35 1.62 1.79 1.94 2.17 2.52

When the different provinces were compared, ANOVA showed that the highest
average EDIs of As, Cd, and Cu were in Madhesh (Figure 3a), with average values of
0.313 ± 0.169, 0.127 ± 0.113, and 10.4 ± 10.7 µg/kg bw/day, respectively. The highest Pb
exposure was in Gandaki (0.149 ± 0.136 µg/kg bw/day), but the lowest exposure to As,
Pb, and Cu was in Sudurpashchim. The lowest exposure to Cd was recorded in Gandaki
(0.0655 ± 0.0358 µg/kg bw/day). The average EDIs of the different elements in all the
provinces were below their corresponding RfDs. However, the P95 EDIs of As were above
the RfD for As in all the provinces. The P99.9 values for Cu and Cd were above their
RfDs in Province 1 and Madhesh, but that for Cu was three times greater than the RfD in
Madhesh, and that for Cd was approximately two times greater in Province 1. Therefore,
rice consumption poses a potential risk of exposure to Cu and Cd for the residents of
Province 1 and Madhesh.

In the different regions, the highest mean EDIs for Cd, As, Pb, and Cu were detected
in Terai (0.119, 0.274, 0.108, and 6.88 µg/kg bw/day, respectively), and the lowest mean
was in Hill. The P99.9 EDIs of As in all regions were above its RfD. Exposure to HMs was
in the order Terai > Rural > Mountain > Urban > Hill for all elements (Figure 3b). Because
all rice samples were collected from markets and few from home and we could not identify
the sampling sites by region, the national average concentrations were used in this study.
In this way, all the differences in exposure risk were caused by the ratio of intake rate to
bodyweight. Therefore, the differences in the HM exposure risks reflect the differences in
the dietary structures in the different regions.

Because vulnerable populations are more sensitive to HM exposure, women and
children were specifically classified according to age to evaluate their exposure to HMs via
rice consumption (Table S4). Among the vulnerable populations, preschoolers showed the
highest average EDIs for As, Cd, Cu, and Pb (0.705, 0.306, 17.7, and 0.279 µg/kg bw/day,
respectively), followed by toddlers, and women were lowest (Figure 3c). Overall, given
the higher values for the IR/BW ratio in children, their exposure to HMs was higher than
that of women, indicating that the children were more vulnerable to HM exposure in rice.
This phenomenon is similar to that seen in methylmercury exposure via rice consumption
in Nepal [3]. The average EDIs for As were higher than the RfD in all the vulnerable
populations. For Cu and Cd, P99.9 of the EDIs in children, preschoolers, and toddlers were
higher than their RfDs, and the P99.9 EDIs for preschoolers were nearly twice the RfDs,
indicating a potential exposure risk for these vulnerable populations in Nepal.
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3.3. Risk Assessment
3.3.1. Non-Carcinogenic Risk (NCR)

The average HQs of Cd, As, Pb, and Cu were all <1, with values of 0.108, 0.834, 0.0282,
and 0.159, respectively, in the order As > Cu > Cd > Pb. However, P75–P99.9 of HQ for
As was >1 (Tables 2 and S4). The average HI was 1.13, and P50–P99.9 of HI was in the
range of 1.09–2.52, indicating non-carcinogenic adverse health effects. In general, As was
the dominant contributor to NCR from HM, accounting for 75.0% of HI, which was similar
to that in Thailand (49.3–66.67%) [19].

The mean HQ for As in Madhesh was >1. Approximately 15.33% of As HQs > 1 were
observed in Province 1, 6.78% were in Madhesh, and 3.16% were in Lumbini (Figure 4a),
indicating the dominant role of As in NCR. Among the provinces, the order of non-
carcinogenic risk was Madhesh > Lumbini > Karnali > Gandaki > Province 1 > Bagamti >
Sudurpashchim (Figure 4b). There are diet differences in various provinces, and the intake
rate (IR) of rice is highest in Madhesh (Table S2). This is maybe the cause for why the mean
HQ of As was higher than other provinces with being above 1.

In different regions, the mean HQ for As was in the range of 0.736–0.912, being close
to 1, and the average HIs in all regions were >1, except for Hill, which HI was close to 1,
indicating that all regions had NCR. Based on the average HQs of the studied elements and
their HIs, the risk of NCR descended in the order Terai > Rural > Mountain > Urban > Hill
(Figures S1a–d and 4b).

In terms of the vulnerable population categories, the HQ for As was >1 for all vul-
nerable populations (women, children, preschoolers, and toddlers), and the values for
Cd and Cu were 0.306 and 0.443, respectively, for preschoolers. The potential NCR for
vulnerable populations was in the order preschoolers > toddlers > children > women
(Figures S1e–h and 4b).

3.3.2. Carcinogenic Risk (CR)

The mean CRs of As and Cd were 3.75 × 10−4 and 6.62 × 10−4, respectively, which
were up to three and six times higher, respectively, than the acceptable limit of 1.0 × 10−4.
The CRs of As and Cd for P50–P99.9 were in the range of 3.58 × 10−4 to 1.01 × 10−3 and
5.16 × 10−4 to 4.39 × 10−3, respectively (Table S5), indicating that As and Cd exposure
via rice consumption posed a cancer risk. The average CR of Pb was 8.54 × 10−7 (range
2.44 × 10−7 to 5.38 × 10−6), which was within the acceptable range. The mean TCR was
1.04 × 10−3, which exceeded the accepted range of 1.0 × 10−6 to 1.0 × 10−4. Moreover, the
P99.9 of TCR was 4.79 × 10−3. The CRs of Cd and As accounted for 63.7% and 36.1% of
TCR, respectively, so Cd was the dominant contributor to CR.

The mean CRs for Cd and As in all provinces were above the threshold value of
1.0 × 10−4. The highest average CRs for Cd (7.76 × 10−4) and As (4.70 × 10−4) were
both detected in Madhesh, and the lowest CRs of Cd and As were observed in Gandaki
(4.40 × 10−4) and Lumbini (2.45 × 10−4), respectively (Figure 4c, Table S5). The mean
TCRs in the different provinces were in the range of 7.88 × 10−4 to 1.25 × 10−3, in the
order Madhesh > Lumbini > Province 1 > Karnali > Bagmati > Gandaki > Sudurpashchim
(Figure 4d).

In different regions, the mean CRs of As and Cd were about 3–4 times and 5–7 times
higher, respectively, than the limit of 1.0 × 10−4 (Figure S2a–c, Table S5). The TCR values in
various regions were much higher than 1.0× 10−4, with the highest being in Terai, followed
by Rural, Mount, Urban, and Hill (Figure 4d). As mentioned above, these differences were
attributable to differences in diet structure.

In the different vulnerable populations, preschoolers had the highest mean CRs for As
(1.06× 10−3) and Cd (1.87× 10−3), whereas women had the lowest CRs of 4.65× 10−4 (As)
and 8.02 × 10−4 (Cd) (Figure S2d–f, Table S5). The mean TCR for women and the younger
age groups were all >1.0 × 10−3, in the order preschoolers > toddlers > children > women
(Figure 4d), implying that all vulnerable populations were exposed to an unacceptable CR.
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4. Conclusions

Overall, the concentrations of Cd, As, Pb, and Cu in rice were almost below the
maximum allowable concentrations recommended by FAO/WHO, indicating their safety.
The average EDIs of all the HMs studied were lower than the RfDs set by USEPA. Among
all studied elements, the EDI of As was highest. The highest EDIs for As, Cd, and Cu
were observed in Madhesh, and the highest EDI for Pb in Lumbini. Pre-schoolers may be
exposed to high levels of HMs when consuming rice. The average HQs of As in Madhesh
for women and young age groups were all >1, and the mean HI was also >1, indicating
that the consumption of rice posed a potential NCR. Arsenic contributed most of the NCR.
The TCR indicated a potential cancer risk among the local inhabitants, which Cd and As
contributed to 63.7% and 36.1%, respectively. Future efforts should be made to determine
the mechanisms influencing the accumulation of HMs in Nepal. Moreover, in future studies,
a blood survey of HMs exposure should be conducted in order to further understand the
health effects of HMs via rice ingestion.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijerph20054134/s1, Figure S1: Probability distribution of hazard
quotients (HQs) of As (a), Cd (b), Pb (c), and Cu (d) in different regions, and probability distribution
of hazard quotients (HQs) of As (e), Cd (f), Pb (g), and Cu (h) for various vulnerable populations;
Figure S2: Probability distributions for Carcino-genic risk (CR) of As (a), Cd (b), and Pb (c) in different
regions, and probability distributions for Carcinogenic risk (CR) of As (d), Cd (e), and Pb (f) for
various vulnerable populations; Table S1: Parameters used in exposure risk assessment in this study;
Table S2: Body weight, intake rate, and age for calculating EDI in Nepal; Table S3: Concentrations of
Cd, As, Pb, and Cu in market rice reported from other countries; Table S4: Heavy metals exposure
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(µg/kg bw/day) via rice con-sumption and corresponding HQs, HI; Table S5: Carcinogenic risk (CR)
and total carcinogenic risk (TCR) based on Monte Carlo simulation.
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